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INTRODUCTION

The top predators at abyssal depths are primarily
fishes. Despite the difficulties of sampling, many stud-
ies have investigated their diets and have found a
diversity of feeding habits ranging from infaunal
browsing to active predation on large nekton (Gartner
et al. 1997). By consuming deep-sea prey, these fishes
are ultimately dependent upon an allochthonous food
supply in the form of phytodetritus generated in sur-
face waters. In simplified terms, phytodetritus is con-
sumed by deposit feeders, which in turn are consumed
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ABSTRACT: The lipid compositions of 2 abyssal
macrourids, Coryphaenoides armatus and C. yaqui-
nae, from the eastern North Pacific were examined
and used to infer diet. The resulting fatty acid (FA)
profiles are the first published for C. yaquinae and
among the first for abyssal fishes. They indicated a
greater proportion of polyunsaturated FAs and lower
monounsaturated FAs than shallower living con-
geners, suggestive of homeoviscous adaptations to
great pressure. Cholesterol was the predominant
sterol, which is frequently the case for exclusively car-
nivorous species. Comparisons of macrourid FA pro-
files were made to those of benthic prey and
epipelagic carrion sources, including the Humboldt
squid Dosidicus gigas captured in surface waters of
the abyssal study site. The FA profiles of macrourid
muscle were very similar to those of squid mantle
muscle. The FA profiles of macrourid liver and swim-
bladder were similar to benthic crustaceans, whole
squid, squid digestive gland and the epipelagic fish
Trachurus symmetricus. For both tissues, the FA pro-
files of echinoderms were the most different. These
comparisons suggest a strong link to carrion and ben-
thic crustaceans and a weak one to echinoderms, the
dominant megafauna at the study site and in most of
the abyssal ocean. These results support previous
stomach content and stable isotope analyses, reinforc-
ing the hypothesis that there are closer food web ties
between abyssal fishes and epipelagic nekton than to
many abyssal benthic groups.
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The abyssal grenadier Coryphaenoides armatus feeds pre-
dominantly on crustaceans and carrion, and not on echino-
derms, which are the most abundant benthic megafauna.
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by primary carnivores and so on to the top trophic posi-
tions including many fishes. However, an alternative
trophic pathway exists. Many deep-sea fishes are
attracted to cameras baited with pelagic carrion
(Priede & Bagley 2000, Yeh & Drazen 2009) and a few
studies have noted carrion in their diets (Haedrich &
Henderson 1974, Pearcy & Ambler 1974, Bjelland et al.
2000). However, these observations have rarely been
quantified (Drazen et al. 2001). Scavenging on the
sunken carcasses of epipelagic nekton bypasses the
conventional benthic food web, although the begin-
ning of each path shares primary production in surface
waters. The relative importance of these 2 trophic
pathways remains uncertain.

Understanding whether deep-sea fish populations
are more closely tied to benthic or epipelagic food sup-
plies is critical for understanding how anthropogenic
influences such as fishing and climate change will
affect deep-sea ecosystems. Long time-series investi-
gations on the abyssal plains have documented shifts
in animal abundances and size frequencies (Billett et
al. 2001, Ruhl & Smith 2004, Bailey et al. 2006), pro-
viding insight into possible climate change effects on
deep-sea ecosystems. Interdecadal fluctuations in the
abundance of 2 abyssal macrourids, Coryphaenoides
armatus and C. yaquinae, have been described (Bailey
et al. 2006). These species are abundant on the abyssal
plains of the eastern North Pacific Ocean and domi-
nate the benthic fish fauna under the California Cur-
rent (Pearcy et al. 1982, Cailliet et al. 1999). These 2
species are thought to compose the top trophic position
in the food web at an abyssal station (Stn M) where the
benthic ecosystem has been studied extensively (Smith
& Druffel 1998). Macrourids have swimbladders which
expand upon retrieval to the surface causing regurgi-
tation or stomach eversion limiting conventional diet
analysis. Stable isotope analyses have been used to
augment traditional studies and have found that C.
armatus and C. yaquinae rely heavily on epipelagic
carrion and may be more closely tied to epipelagic food
supplies (Drazen et al. 2008c).

The use of lipid biomarkers is another alternative
methodology which has proven useful in food web
studies. Organisms can have unique fatty acid (FA)
and sterol compositions, or at least profiles that are
traceable, and many of these compounds are trans-
ferred from predator to prey without modification
(Nichols et al. 1986, Phleger et al. 1998, Dalsgaard et
al. 2003). For instance, most animals cannot synthesize
long chain (≥C20) polyunsaturated FAs (LC-PUFAs)
such as eicosapentaenoic acid (EPA; 20:5ω3), arachi-
donic acid (AA; 20:4ω6) and docosahexaenoic acid
(DHA; 22:6ω3). Instead these are formed by phyto-
plankton and some bacteria and are transferred
through the food web (Volkman et al. 1989, Brown et

al. 1993) such that high levels of these FAs are sugges-
tive of herbivory. Similarly, phytosterols are synthe-
sized only by algae and plants (Volkman 1986, 2003)
and are incorporated into herbivores with minimal
modification. These types of markers are not exclu-
sively from primary producers. Calanoid copepods
have been reported as the major synthesizers for long
chain monounsaturated FAs (LC-MUFAs), including
the 20:1 and 22:1 isomers, in marine food webs (Sar-
gent & Whittle 1981). An animal typically has 30 or
more FAs and 10 to 20 sterols which can be used to
infer such trophic connections. Lipid biomarkers have
been used to infer the diet of top trophic level organ-
isms. Their profiles can be compared to potential prey
and similarity between profiles implies a trophic con-
nection. For instance, the FA profiles of the southern
ocean squid Moroteuthis ingens were most similar to 3
species of myctophids that had been confirmed as their
most important prey from diet studies (Phillips et al.
2001). The FA signatures of swordfish and their prey
allowed the detection of regional shifts in the predom-
inance of myctophids versus small squids (Young et al.
in press). Despite their usefulness, lipid biomarker
techniques have only recently been used to examine
the trophic ecology of macrourids (Stowasser et al.
2009).

The goal of the present study was to identify and/or
infer important prey resources for abyssal macrourids
at Stn M in the eastern North Pacific Ocean by (1)
determining the lipid composition of the 2 dominant
species and (2) comparing their lipid profiles to those
of potential benthic prey collected at the same site
(Drazen et al. 2008a,b) and carrion sources (Exler &
Weihrauch 1976, Hayashi 1989, Iverson et al. 2002,
Aranda et al. 2006, present study).

MATERIALS AND METHODS

Sampling. All samples were collected at Stn M
(34° 50’ N, 123° 00’ W, 4100 m depth) in the northeast
Pacific, 220 km west of Point Conception, California,
during August 2006. For a complete description of the
physical and biological attributes of this station see
Smith & Druffel (1998). In brief, this site is located on
the Monterey Abyssal Fan and lies underneath the
California Current. The bottom is flat with sediments
composed of fine silt and clay. Particulate matter fluxes
to the seafloor show a distinct seasonal cycle following
the cycle in surface water productivity. August 2006
represented the peak seasonal flux for the year at
10.26 mg C m–2 d–1 (K. Smith pers. comm.).

Specimens of Coryphaenoides armatus and C. yaqui-
nae were collected using a 12.3 m (width) semiballoon
otter trawl and a baited trap. Each specimen was mea-
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sured, weighed and sexed. Macrourids have fragile tail
tips which can be broken off naturally or during cap-
ture, so length in all cases is pre-anal fin length (PAFL).
White muscle is the largest tissue in teleosts and
macrourid livers are used for lipid storage, often con-
taining the majority of the fish’s lipids (Drazen 2007),
so both were sampled for lipid analysis. Macrourid
white muscle tissue from under the first dorsal fin and
liver tissue from the end of the left lobe was dissected
free, placed in cryovials and frozen in liquid nitrogen.
The swimbladders of several macrourids are fat-filled
with a lipid-rich foam, primarily sterols (Phleger &
Benson 1971), so samples were taken from the interior
of the swimbladder.

Common epipelagic nekton such as pacific hake
Merluccius productus, jack mackerel Trachurus syme-
tricus and gonatid and ommastrephid squids are
potential carrion sources and we sampled some of
them using conventional fishing gear in surface
waters. Several specimens of the squid Dosidicus gigas
were captured. Squid dorsal mantle muscle was sam-
pled in a similar fashion to fish tissues. Tissues were
frozen in cryovials under liquid nitrogen on board ship
and stored at –80°C in the laboratory. Samples were
freeze-dried, ground and then shipped to CSIRO
Marine and Atmospheric Research, Hobart, Tasmania,
Australia, for lipid analyses. Freeze-dried sample
weights, as extracted for lipid, were between 0.02 to
0.39 g, wet weights were 0.1 to 2.0 g.

Lipid extraction. Samples were quantitatively
extracted overnight using a modified Bligh & Dyer
(1959) 1-phase methanol:chloroform:water extraction
(2:1:0.8 by vol.). The phases were separated by the
addition of chloroform:water (final solvent ratio, 1:1:0.9
by vol. methanol:chloroform:water). The total solvent
extract (TSE) was concentrated using rotary evapora-
tion at 40°C.

Lipid classes. An aliquot of the TSE was analysed
using an Iatroscan MK V TH10 thin-layer chromatog-
raphy-flame ionization detector (TLC-FID) to quantify
individual lipid classes (Fraser et al. 1985, Volkman &
Nichols 1991). Samples were applied in duplicate to
silica gel SIII chromarods (5 µm particle size) using 1 µl
micropipettes. Chromorods were developed in a glass
tank lined with pre-extracted filter paper. The primary
solvent system for lipid separation was hexane:diethyl
ether:acetic acid (60:17:0.1), a mobile phase resolving
non-polar compounds such as wax ester (WE), triacyl-
glycerol (TAG), free fatty acids (FFAs) and sterols (STs)
from phospholipid (PL). A second non-polar solvent
system of hexane:diethyl ether (96:4) resolved hydro-
carbons from WE, and TAG from diacylglycerol ether
(DAGE). After development, the chromorods were
oven-dried and analysed immediately to minimize
absorption of atmospheric contaminants. The FID was

calibrated for each lipid class (phosphatidylcholine,
cholesterol, cholesteryl oleate, oleic acid, squalene,
TAG [derived from fish oil], WE [derived from orange
roughy Hoplostethus atlanticus oil] and DAGE
[derived from shark liver oil]; 0.1 to 10 µg range). Peaks
were quantified on an IBM compatible computer using
DAPA Scientific software. TLC-FID results are gener-
ally reproducible to ±10% of individual lipid class
abundances (Volkman & Nichols 1991).

Fatty acids. An aliquot of the TSE was trans-methy-
lated to produce fatty acid methyl esters (FAMEs)
using methanol:chloroform:concentrated hydrochloric
acid (10:1:1, 80°C, 2 h; Christie 1982). FAMEs were
extracted into hexane:chloroform (4:1, 3 × 1.5 ml). FAME
fractions were treated with N,O-bis-(trimethylsilyl)-
trifluoroacetamide (BSTFA 50 µl, 60°C, overnight) to
convert STs, alcohols and hydroxyl FAs to their cor-
responding trimethylsilyl ethers.

Gas chromatographic (GC) analyses were performed
with an Agilent Technologies 6890N GC equipped
with an HP-5 cross-linked methyl silicone fused silica
capillary column (50 m × 0.32 mm inner diameter), an
FID, a split/splitless injector and an Agilent Techno-
logies 7683 Series auto sampler and injector. Helium
was the carrier gas. Following addition of methyl non-
odecanoate internal injection standard, samples were
injected in splitless mode at an oven temperature of
50°C. After 1 min, the oven temperature was raised to
150°C at 30°C min–1, then to 250°C at 2°C min–1 and
finally to 300°C at 5°C min–1. Peaks were quantified
with Agilent Technologies GC ChemStation software.
Individual components were identified using mass
spectral data and by comparing retention time data
with those obtained for authentic and laboratory stan-
dards. GC results are subject to an error of ±5% of
individual component area as determined by replicate
analysis. GC-mass spectrometric (GC-MS) analyses
were performed on a Finnigan Thermoquest GCQ GC-
mass spectrometer fitted with an on-column injector
using Thermoquest Xcalibur software. The GC was
fitted with a capillary column similar to that described
above.

Statistical analysis. FA profiles of the macrourids
were compared to each other and between tissue types
using principal component analysis (PCA). PCA re-
duces the number of dimensions produced by the large
number of variables and uses linear correlations (com-
ponents) to identify those FAs that contribute most to
the separation between observed groups (Best et al.
2003). FAs that contributed a mean of less than 1.0%
(of total FAs) to the profile were omitted from statistical
analyses. All analyses were performed on percent
composition data and results were confirmed by analy-
sis of mg g–1 FA data (data not shown, see also Phillips
et al. 2003). The first 2 principal components (PCs)
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were plotted on the x- and y-axes with FAs contribut-
ing most to the separation on each axis shown with
arrows indicating the direction in which that FA gener-
ally increases in proportion (Best et al. 2003).

To augment the PCA results, a hierarchical cluster
analysis was performed on a Bray-Curtis similarity
matrix of specimen FA profiles. Clusters were overlaid
on the PCA plots to assist in the interpretation of simi-
larity and grouping between samples (Clarke & Gorley
2006). The clusters represent percent similarity and the
groups result from taking a slice through a clustering
tree at a particular level of similarity. All statistical
analyses were performed using Primer 6 software
(Primer-E).

FA profiles of the macrourids were also compared
to those of potential prey taxa using PCA. Data for ben-
thic animals were taken from Drazen et al. (2008a,b)
and include a variety of species (holothurians: Abysso-
cucumis abyssorum,Oneirophanta mutabilis,Peniagone
vitrea, Protankyra brychia; ophiuroids: Ophiocantha sp.,
Ophiura bathybia; polychaetes: Laetmonice sp., Para-
diopatra sp., Travisia sp.; cnidarians: Bathyphelia no-
mados; crustaceans: Munidopsis sp., 1 caridean shrimp,
2 lysianassid amphipod species). Some of these ani-
mals have been found in the macrourids’ stomachs and
others are amongst the dominant megafauna at the
abyssal station (Lauerman et al. 1996, Ruhl 2007,
Drazen et al. 2008c). These samples were collected at
the same site and at the same time as the macrourids.
As noted above we were only able to collect one squid
species, Dosidicus gigas, to represent carrion sources
for the macrourids. To augment the data, FA profiles of
epipelagic fish and squid were obtained from the liter-
ature for species which have been found in macrourid
stomachs from this site (Drazen et al. 2008c). These
include jack mackerel Trachurus symmetricus (Aranda

et al. 2006), pacific hake Merluccius productus (Exler &
Weihrauch 1976) and the gonatid squid Gonatopsis
borealis (Hayashi 1989). The macrourids also con-
sumed other squid species and we included data for 2
other gonatids, Berryteuthis magister and an unidenti-
fied gonatid (Iverson et al. 2002). Not all of the studies
reported the location of the first double bond in the FA,
but all reported the chain length and saturation state;
for the PCA analyses incorporating published data, our
FA profiles were condensed accordingly (i.e. 18:1ω7,
18:1ω9, etc. were lumped to total 18:1).

RESULTS

Lipid composition

Coryphaenoides armatus examined were 15.5 to
22.5 cm PAFL and C. yaquinae were 12.0 to 20 cm
PAFL. Dosidicus gigas were 25.6 to 33.5 cm mantle
length. The lipid content of C. armatus and C. yaquinae
muscle and D. gigas mantle muscle was much lower
than that of macrourid liver and swimbladder foam
(Table 1). Lipid composition of tissues low in total lipid
were primarily membrane-bound PL and ST with minor
amounts of energy storage lipids such as TAG and WE.
The lipids in the livers of both macrourid species were
primarily TAG (58 to 61%), although this was variable
between replicate specimens and was directly corre-
lated to total lipid content (% TAG = 1.41 × lipid con-
tent – 11.76, n = 7, r2 = 0.96, p < 0.05). Swimbladder
foam consisted of ca. two-thirds PL and one-third ST.
Diacylglyceryl ether was detected at low levels in
swimbladder foam of C. yaquinae, but not in any other
samples. Cholesterol (cholest-5-en-3β-ol) comprised
almost all of the ST in macrourid tissues and D. gigas
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Table 1. Coryphaenoides armatus, C. yaquinae and Dosidicus gigas. Lipid content and composition of the abyssal macrourid
fishes C. armatus and C. yaquinae (muscle, liver and swimbladder foam) and the squid D. gigas. Values are means ± SD. 
n: number of specimens analyzed for a particular tissue; WE: wax ester; DAGE: diacylglyceryl ether; TAG: triacylglycerol; 

FFA: free fatty acid; ST: sterol; PL: phospholipid

Species n % composition Lipid content
WE DAGE TAG FFA ST PL % dry wt

Macrourid fishes
C. armatus
Muscle 4 0 ± 0 0 ± 0 1.4 ± 1.3 0.7 ± 0.4 3.1 ± 1.2 94.8 ± 2.1 3.5 ± 0.9
Liver 3 0.9 ± 1.6 0 ± 0 57.7 ± 46.8 10.3 ± 11.4 2 ± 2.7 29.1 ± 47.6 47.4 ± 31.7
Swimbladder foam 1 0 0 0.6 1 33.7 64.7 48.4

C. yaquinae
Muscle 3 1.6 ± 1.6 0 ± 0 0.5 ± 0.2 2.2 ± 0.4 2.6 ± 0.9 93.1 ± 1.1 3.1 ± 0.9
Liver 4 4.3 ± 1.8 0 ± 0 61.2 ± 36.6 14.5 ± 13.2 0.4 ± 0.3 19.6 ± 31.2 53.2 ± 26.0
Swimbladder foam 1 0.6 0.7 0.5 0.7 32.7 64.9 54.5

Squid
D. gigas 5 0.9 ± 0.1 0 ± 0 0 ± 0 4.3 ± 4.3 11.4 ± 1.9 83.4 ± 5.1 3.5 ± 0.3
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(Table 2). 5α-cholest-22E-en-3β-ol was 0.4 to 2% and
there were several other STs as minor components.

Total PUFA comprised ≥50% of the FAs in Cory-
phaenoides armatus, C. yaquinae, and Dosidicus gigas
muscle; values were lower in liver and lowest in swim-
bladder (Fig. 1). Conversely, MUFAs were highest in
liver and swimbladder foam and lowest in muscle and
squid mantle. Total saturated FAs (SFAs) were similar
amongst tissues, but were lowest in macrourid liver
tissue and highest in D. gigas mantle.

The FA profiles of macrourid muscle and squid man-
tle were similar (Table 3). The PUFA docosahexaenoic
acid (DHA, 22:6ω3) was the most abundant FA in
macrourid muscle and squid mantle; lower levels were
found in macrourid liver and it comprised only a few
percent of total FA in the swimbladder. EPA (20:5ω3)
was also abundant (~8 to 13%) in
macrourid muscle and squid mantle with
comparable levels in liver, but it com-
prised only a few percent of total FA in
the swimbladder. The third most abun-
dant PUFA was arachidonic acid (AA,
20:4ω6) which comprised 2 to 5% of total
FA in all macrourid tissues and 1% in
Dosidicus gigas. The PUFA docosapen-
taenoic acids (DPA, 22:5ω3 and 22:5ω6)
were present in all tissues in small
amounts. The major MUFAs in the mus-
cle of the fishes were 18:1ω7c and
18:1ω9c, which were also abundant
MUFAs in the squid mantle, but less so
than 20:1ω9c. Macrourid liver and swim-
bladder MUFA was primarily 18:1ω9c
with appreciable proportions of 16:1ω7c,
18:1ω7c and, in liver, 20:1ω9c (Table 3).
Palmitic acid (16:0) was the principal
SFA component (Table 3). There was

more 16:0 in muscle and swimbladder foam of both
macrourid species than in the liver, with the greatest
proportion found in D. gigas mantle (27%). Stearic
acid (18:0) comprised 4 to 5% of total FA in muscle of
both macrourids and 2 to 3% in liver and swimbladder
foam, while comprising 6% in squid. Myristic acid
(14:0) levels were 6 to 7% of total FA in swimbladder
foam, with relatively low levels in the other macrourid
tissues and squid. The odd-carbon FA 17:0 was low
(0.2 to 0.4%) in all macrourid tissues and 1% in squid.
Branched chain SFAs (bacterial FA markers) i15:0,
a15:0, i17:0 and a17:0 were also low in all samples (0.2
to 1% of total FA) (Table 3).

Differences in the FA profiles of the macrourid
tissues were clearly represented by PCA (Fig. 2).
Four groups were evident at the 75% similarity level:

Table 2. Coryphaenoides armatus, C. yaquinae and Dosidicus gigas. Sterol (%) composition of the abyssal macrourids C. armatus
and C. yaquinae and the squid D. gigas. Values are means ± SD. Swimbf: swimbladder foam

Sterol C. armatus C. yaquinae D. gigas
Muscle Liver Swimbf Muscle Liver Swimbf mantle

24-norcholesta-5,22E-dien-3β-ol 0.2 ± 0.3 0.2 ± 0.3 0.4 0.3 ± 0.3 0 ± 0 0.3 0 ± 0
cholesta-5,22Z-dien-3β-ol 0.1 ± 0.2 0 ± 0 0.2 0 ± 0 0 ± 0 0.2 0.1 ± 0.1
cholesta-5,22E-dien-3β-ol 0.5 ± 0.5 0.1 ± 0.2 0.5 0.2 ± 0.3 0 ± 0 0.5 1.1 ± 0.2
5α-cholest-22E-en-3β-ol 1.4 ± 0.2 0.6 ± 1 1.7 1.5 ± 0.1 0.4 ± 0.7 1.5 1.8 ± 0.2
cholest-5-en-3β-ol 97.4 ± 1.6 97.8 ± 2 95.5 97.5 ± 0.9 99.3 ± 1.4 93.8 94.9 ± 0.8
5α-cholestan-3β-ol 0.2 ± 0.3 0.1 ± 0.3 0.5 0.3 ± 0.3 0 ± 0 0.5 0.1 ± 0.2
24-methylcholesta-5,24(28)E-dien-3β-ol 0 ± 0 0.1 ± 0.2 0.4 0 ± 0 0.1 ± 0.3 0.9 0 ± 0
24-methylcholest-5en-3β-ol 0 ± 0 0 ± 0 0.1 0 ± 0 0 ± 0 0.6 0 ± 0
23,24-dimethylcholesta-5,22E-dien-3β-ol 0 ± 0 0 ± 0 0.2 0 ± 0 0 ± 0 0.7 0.3 ± 0.1
24-ethylcholesta-5,22E-dien-3β-ol 0.3 ± 0.6 1 ± 1.7 0.0 0 ± 0 0 ± 0 0.0 0 ± 0
24-ethylcholest-5-en-3β-ol 0 ± 0 0 ± 0 0.0 0 ± 0 0 ± 0 0.1 0 ± 0
Other sterols 0 ± 0 0.2 ± 0.3 0.5 0.2 ± 0.3 0.2 ± 0.4 1.0 1.8 ± 0.5
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Fig. 1. Coryphaenoides armatus, C. yaquinae and Dosidicus gigas. Saturated,
monounsaturated and polyunsaturated fatty acid (SFA, MUFA, PUFA respec-
tively) percent composition by tissue type (muscle, liver, swimbladder foam
[swimbf] and mantle) for abyssal macrourid fishes Coryphaenoides armatus

and C. yaquinae and squid D. gigas. Values are means ± SD
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Table 3. Coryphaenoides armatus, C. yaquinae and Dosidicus gigas. Fatty acid (FA) composition (% of total fatty acids) of the
abyssal macrourids C. armatus and C yaquinae and the squid D. gigas. Values are means ± SD. Swimbf: swimbladder foam;
AA: arachidonic acid; EPA: eicosapentaenoic acid: GED: glyceryl ether diol; NMI: nonmethylene interrupted; DPA: docosapen-
taenoic acid; DHA: docosahexaenoic acid. 18:3ω3 and 22:4ω3 are minor FAs co-eluting with 18:1ω9c and 22:2NMI, respectively

FA C. armatus C. yaquinae D. gigas
Muscle Liver Swimbf Muscle Liver Swimbf Mantle

14:0 0.3 ± 0.1 0.6 ± 0.2 6.1 0.3 ± 0.1 0.8 ± 0.3 6.7 0.8 ± 0.1
15:0 0.2 ± 0 0.2 ± 0 0.4 0.3 ± 0.1 0.4 ± 0.1 0.7 0.4 ± 0
16:0 19.1 ± 0.9 11.7 ± 2.6 19.6 21.3 ± 1.8 9.3 ± 1.5 15.2 27.2 ± 0.7
16:1ω5c 0.2 ± 0 0.2 ± 0 0.3 0.6 ± 0.4 0.5 ± 0.3 0.6 0.1 ± 0
16:1ω7c 1.4 ± 0.4 5.9 ± 3.1 11.4 1.8 ± 0.5 8.5 ± 2.9 12.8 0.3 ± 0.1
16:1ω9c 0.2 ± 0.1 0.6 ± 0.1 0.8 0.3 ± 0.3 0.7 ± 0.1 0.7 0 ± 0
17:0 0.3 ± 0.1 0.2 ± 0.2 0.4 0.4 ± 0.1 0.3 ± 0.2 0.4 1.1 ± 0.1
a17:0 0.2 ± 0 0.2 ± 0.1 0.6 0.3 ± 0.1 0.7 ± 0.4 0.0 0.1 ± 0
i17:0 0.1 ± 0 0.2 ± 0 0.3 0.2 ± 0.1 0.5 ± 0.2 0.5 0.1 ± 0
17:1ω8c 0.3 ± 0.1 0.6 ± 0.2 1.0 0.3 ± 0.1 1 ± 0.2 1.2 0.1 ± 0
br17:1 0.1 ± 0 0.1 ± 0 0.8 0.1 ± 0.1 0.1 ± 0 0.7 0 ± 0
18:0 5 ± 0.2 3.3 ± 2.2 2.3 3.9 ± 0.1 1.5 ± 0.5 2.0 5.9 ± 0.1
18:1ω5c 0.1 ± 0 0.4 ± 0.1 0.5 0.4 ± 0.3 0.9 ± 0.5 0.8 0.1 ± 0
18:1ω7c 3.4 ± 0.6 7.5 ± 1 3.8 3.3 ± 0.8 7.5 ± 1.8 5.8 1.4 ± 0.2
18:1ω9c 10.8 ± 2.5 24.7 ± 10.5 29.0 8.7 ± 1.3 22.5 ± 4.7 23.6 1.7 ± 0.2
18:2ω6 0.5 ± 0.1 0.9 ± 0.2 0.8 0.4 ± 0.1 1.1 ± 0.2 0.8 0.1 ± 0
18:4ω3+i18:0 0.2 ± 0 0.5 ± 0.2 0.2 0.1 ± 0 0.7 ± 0.2 0.4 0.2 ± 0
19:1b 0.2 ± 0.1 0.3 ± 0.1 0.1 0.3 ± 0.1 0.5 ± 0.1 0.3 0.2 ± 0
20:1ω7c 0.2 ± 0.1 0.6 ± 0.3 0.5 1.7 ± 1.7 3.4 ± 2.6 1.8 0.2 ± 0
20:1ω9c 2.2 ± 0.5 5.9 ± 0.4 2.2 2.5 ± 0.1 6.7 ± 1.2 1.8 6.2 ± 0.5
20:1ω11c 0.4 ± 0.4 1 ± 1 1.7 0.1 ± 0.1 1.5 ± 1.2 0.6 0 ± 0
20:2ω6 0.2 ± 0.2 0.5 ± 0.3 0.0 0.4 ± 0.1 0.7 ± 0.5 0.0 0.2 ± 0
20:4ω3 0.2 ± 0 0.5 ± 0.2 0.1 0.3 ± 0 0.7 ± 0.3 0.2 0.1 ± 0
20:4ω6 AA 4.6 ± 0.5 2.6 ± 1.7 2.4 3.7 ± 0.3 2.8 ± 1.5 2.2 0.9 ± 0.2
20:5ω3 EPA 9.4 ± 1.1 8.6 ± 0.4 2.6 7.1 ± 1.8 8.5 ± 0.5 3.1 12.7 ± 0.4
22:1ω7c 0 ± 0 0.1 ± 0.1 0.3 0.2 ± 0.1 0.2 ± 0.2 0.6 0.1 ± 0.1
22:1ω9c+16:0 GED 0.7 ± 0.1 1.6 ± 1.2 2.3 0.9 ± 0.1 1.2 ± 0.6 3.0 1.4 ± 0.1
22:1ω11+13c 0.2 ± 0.1 0.7 ± 0.3 2.4 0.1 ± 0.1 0.9 ± 0.5 0.9 0.1 ± 0
22:2NMI 0.1 ± 0 0.1 ± 0.2 0.1 0.2 ± 0 0.4 ± 0.1 0.3 0.1 ± 0
22:4ω6 0.5 ± 0.2 0.4 ± 0.1 0.0 0.8 ± 0.2 0.5 ± 0.2 0.3 0.2 ± 0.1
22:5ω3 DPA(3) 1.8 ± 0.2 1.3 ± 0.3 0.4 2 ± 0.5 2 ± 0.6 1.1 0.6 ± 0
22:5ω6 DPA(6) 0.6 ± 0 0.2 ± 0.1 0.1 0.5 ± 0.1 0.3 ± 0.1 0.2 0.4 ± 0.1
22:6ω3 DHA 34.8 ± 3.5 13.9 ± 5.3 2.4 34.6 ± 7.4 8.6 ± 3.1 5.0 34.8 ± 0.9
24:1a 0 ± 0 0 ± 0 0.6 0 ± 0 0 ± 0 0.2 0 ± 0
24:1b 0.8 ± 0.2 1.7 ± 2 2.4 0.6 ± 0.2 0.8 ± 0.7 2.1 0.4 ± 0.1
Other 0.6 ± 0.2 2 ± 0.7 1.1 1.4 ± 0.6 3.6 ± 1.3 3.3 1.9 ± 0.1

Fig. 2. Coryphaenoides
armatus and C. yaquinae.
Biplot of the first and sec-
ond principal components
(PC) derived from the
fatty acid composition of
abyssal macrourid tissues
(muscle, liver and swim-
bladder foam [swimbf]).
Arrows on axes indicate
fatty acids contributing
most to the distribution of
species along each com-
ponent. Ellipses around
samples indicate hierar-
chical clustering (using a
Bray-Curtis similarity ma-
trix); (—): ≥60% or (- - -): 

≥75% similarity 
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muscle, swimbladder foam and 2 liver groups. Muscle
tissue was most clearly distinguished from liver and
swimbladder foam along PC1, which explained 86.4%
of the total variance. FAs that contributed most to the
separation of groups along PC1 were 22:6ω3, 16:0,
18:1ω9 and 16:1ω7. This PC also distinguished the 2
liver groups. The 2 specimens with PC1 scores closer
to zero, one Coryphaenoides armatus and one C.
yaquinae, had greater proportions of DHA and 16:0
than the rest of the specimens. Both of these specimens
had low liver TAG compared to species averages (15%
TAG for C. armatus and 20% for C. yaquinae). PC2
explained 6.5% of the total variance and separated
swimbladder foam from liver tissue. The FAs contri-
buting most to the separation of tissue types along
PC2 were 14:0, 16:0, 16:1ω7c, 20:5ω3c, 20:1ω9c and
18:1ω7c.

Comparison of macrourid lipid profiles to potential prey

The macrourid FA profiles were compared to those of
benthic prey (Drazen et al. 2008a,b) and Dosidicus gi-
gas from the present study using PCA (Fig. 3). This data
set represents the macrourids and their prey captured
at the same location and time and FA profiles analyzed
with the same methods and level of FA profile detail.
PC1 explained most of the variance (45.7%) and dis-
tinguished the macrourid and squid (D. gigas) muscle
tissue from the benthic animals, macrourid swimblad-
der tissue and most liver tissue samples. FAs that con-
tributed the most to the separation of groups along PC1
were 22:6ω3, 16:0, αOH 24:1 and 18:1ω9c, such that the
macrourid and squid muscle samples were very high in
DHA (22:6ω3) and 16:0, whereas the benthic animals
were very low in DHA and 16:0 but had more 18:1ω9c
and αOH 24:1. The macrourid liver samples were gen-
erally low in DHA and 16:0. One Coryphaenoides
armatus specimen had a liver with low %TAG and
lipid content and its FA profile clustered separately
from the others (Fig. 2), intermediate between the rest
of the liver samples and the muscle samples along PC1
(Fig. 3). PC2 explained 24.2% of the variance in FA pro-
files. Crustacean FA profiles were distinct from those
of the echinoderms (ophiuroids and holothuroids) and
the polychaetes’ profiles were intermediate between
these 2 taxa. Macrourid liver and swimbladder profiles
were similar to each other and to the crustaceans. The
C. armatus and C. yaquinae specimens with liver pro-
files (both with low TAG) which clustered separately
from the other liver samples (Fig. 2) were more similar
to the macrourid muscle and D. gigas profiles along
PC2 (Fig. 3). The major FAs contributing to separations
along this axis were αOH 24:1, 20:5ω3, 23:1, 18:1ω9c,
16:1ω7c and 16:0.

At the 60% similarity level, the macrourid and squid
muscle FA profiles clustered together. Macrourid liver
and swimbladder foam profiles clustered with the crus-
taceans and the anemone. The macrourid tissues were
most different from the echinoderm and polychaete
profiles. At a 75% similarity level, the 2 macrourid liver
groups were evident and separate from that of the
swimbladder foam, which clustered with the amphi-
pods’ profile. The polychaete and echinoderm profiles
formed clusters which were separate from the profiles
of any of the macrourid tissues.

PCA analysis was also used with additional data for
epipelagic nekton/carrion sources from the literature
(Exler & Weihrauch 1976, Hayashi 1989, Iverson et al.
2002, Aranda et al. 2006). PCA was performed on con-
densed FA profiles as described in the ‘Materials and
methods’ (Fig. 4). The results were very similar to the
analysis without published data (Fig. 3), with relative
relationships between macrourids and benthic animals
remaining the same. PC1 explained most of the vari-
ance (54.4%) and the major FAs contributing to this
axis were still 22:6ω3, 16:0 and total 18:1 (instead of
18:1ω9c as in the above analysis) with the addition of
total 16:1 and total 20:1. The major FAs contributing to
PC2 were also similar to the analysis conducted on the
detailed FA profiles. The macrourid muscle FA profiles
continued to group tightly with D. gigas’s mantle mus-
cle profile, but also with the profiles for whole Gonati-
dae and mantle muscle of other squid species. All of
the epipelagic nekton FA profiles grouped around the
origin of PC2 along with the macrourid muscle (Fig. 4).
The 2 epipelagic fishes, Merluccius productus and Tra-
churus symmetricus, had profiles that were inter-
mediate between those of the benthic animals (and
macrourid livers) and the macrourid muscle along PC1.
Gonatopsis borealis liver and whole Berryteuthis mag-
ister profiles had the most negative PC1 scores for the
epipelagic nekton and were more similar to FA profiles
of macrourid liver and benthic animals along this axis.

The cluster analysis showed much greater similarity
between groups than the analysis with the detailed pro-
files, as would be expected (compare Figs. 3 & 4).
Macrourid muscle FA profiles clustered with the squid
mantle profiles (Dosidicus gigas, Gonatopsis borealis
and Berryteuthis magister) as well as with whole Go-
natidae specimens (Fig. 4). At the 60% similarity level,
profiles of macrourid liver and swimbladder foam clus-
tered with those of squid liver tissue, whole B. magister
and the benthic taxa (except for the holothurians, which
formed 2 separate clusters). At the 75% similarity level,
macrourid liver and swimbladder foam profiles were
clustered with amphipod profiles. FA profiles of the 2
specimens with low liver lipid clustered with profiles for
the anemone, the epipelagic fish Trachurus symmetri-
cus, squid liver samples and whole B. magister.
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Fig. 4. Biplot of the first
and second principal
components (PC) derived
from the fatty acid com-
position of abyssal macro-
urids, benthic prey and
pelagic food sources from
the literature. FA profiles
from the present study
were condensed to match
those in the literature
(see ‘Materials and meth-
ods’). Color codes are as
in Fig. 3. Arrows on axes
indicate fatty acids con-
tributing most to the dis-
tribution of species along
each component. Ellipses
around samples indicate
hierarchical clustering
(using a Bray-Curtis simi-
larity matrix); (—): ≥60%
or (- - -): ≥75% similar-
ity. Swimbf: swimbladder 

foam

Fig. 3. Biplot of the first
and second principal com-
ponents (PC) derived from
the fatty acid composition
of abyssal macrourids,
benthic animals and the
epipelagic squid Dosidicus
gigas. Symbols are color-
coded by general taxo-
nomic category: echino-
derms (green), polychaetes
(orange), anemones (pur-
ple), crustaceans (blue),
epipelagic nekton/poten-
tial carrion (red) and
macrourids (black). Arrows
on axes indicate fatty acids
contributing most to the
distribution of species
along each component.
Ellipses around samples
indicate hierarchical clus-
tering (using a Bray-Curtis
similarity matrix); (—):
≥60% or (- - -): ≥75% simi-
larity. Swimbf: swimblad-

der foam
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DISCUSSION

Macrourid lipids

The lipid class analysis of the 2 macrourid species
was in agreement with past studies of these and other
species in the genus (Drazen 2002b, 2007, Hayashi &
Kishimura 2003). Muscle was low in lipid which was
predominantly PL; in contrast, roughly half the dry
weight of the livers was lipid which was predominantly
TAG (Table 1). TAG is an energy storage lipid that is
easy to metabolize and thus is considered useful for
short-term energy storage. The high variation in
macrourid liver lipid content (correlated to %TAG) at
any given time (see SD in Table 1; Drazen 2002b) is
probably the result of individual variation in foraging
success, particularly if sporadic but often large parcels
such as carrion are consumed (Drazen 2002b). This
energy storage strategy may help sustain these fishes
between sporadic scavenging events (Drazen 2002a).

The FA profiles of Coryphaenoides armatus and C.
yaquinae are very similar to those found in other
abyssal macrourids and morids including specimens of
C. armatus from the northeast Atlantic (Stowasser et al.
2009). Despite collections in different years and ocean
basins, the FA profiles of C. armatus between the pre-
sent study and that of Stowasser et al. (2009) are similar,
with roughly similar proportions of all the major FAs.
However, the Pacific macrourids have greater propor-
tions of EPA and lower proportions of DHA than the
Atlantic specimens. Regional and temporal variation in
phytoplankton dynamics likely results in different pro-
portions of these essential FAs entering the pelagic and
subsequently benthic food webs.

The FA profiles of Coryphaenoides armatus and C.
yaquinae differed from those of other shallower-living
macrourids in several ways. Total muscle PUFAs of
C. armatus and C. yaquinae were greater than 50%,
higher than values for C. acrolepis (44%), C. cinereus
(40%) and C. pectoralis (38%), and total MUFAs
were similar (Hayashi & Kishimura 2003). PUFA values
were also higher in comparison to C. macrocephalus
collected at ~1600 m near a hydrothermal vent field
(Guerreiro et al. 2004). DHA was ~8% higher in C.
armatus and C. yaquinae, but EPA values were compa-
rable to these other Coryphaenoides species. PUFAs in
the cell membranes are used to maintain lipid bilayer
fluidity under high pressure and/or cold temperatures
(Hochachka & Somero 2002). Thus the differences in
total PUFA between these species likely reflect the
shallower collection depth (400 m) of the species in
Hayashi & Kishimura’s (2003) study. Total PUFA in
muscle for C. acrolepis collected off San Diego, Cali-
fornia, from depths to 1000 m, comprised 35% of total
FA (Lewis 1967), and both DHA and EPA were lower

than the upper slope species examined by Hayashi &
Kishimura (2003). The lower total PUFA, DHA and
EPA values in C. acrolepis, and thus also higher pro-
portions of total MUFA, may reflect loss of PUFA on
the polyester and nonpolar columns as discussed by
Lewis (1967).

The liver FA profiles of Coryphaenoides armatus and
C. yaquinae were very different than those from the
muscle, with lower PUFA and higher MUFA. This dif-
ference has been observed in other macrourids and
morids (Stowasser et al. 2009). This may reflect the
large proportions of TAG compared to the PL-domi-
nated muscle tissue (Table 1). The 2 individuals (1 C.
armatus and 1 C. yaquinae) with lower %TAG in their
livers did have FA profiles more similar to muscle
(Fig. 3). Hayashi & Kishimura (2003) examined macro-
urid liver lipids and found somewhat different FA pro-
files for TAG and PL intraspecifically. Their liver TAG
profiles were similar to those we present for total liver
lipids, except that 22:1 isomers were present in greater
proportions in their study. However, their liver PL pro-
files were very low in total PUFA (<10%) and DHA and
high in MUFA (42 to 52%), more similar to liver TAG
and very unlike the profiles for muscle PL in their study
or total muscle (primarily PL) in the present study. This
suggests that lipid class composition is not the only
determinant of the FA profiles. Differences between
the profiles of liver and muscle likely reflect lipid
physiology as well as diet.

Cholesterol was the major ST component of macro-
urid muscle and liver, as is frequently the case for ver-
tebrates including fish who obtain cholesterol directly
from their diet and other means, such as phytosterol
dealkylation and synthesis of cholesterol within cells
(Nichols et al. 1986). 5α-cholest-22E-en-3β-ol, the sec-
ond most abundant ST (Table 2), is an intermediate in
cholesterol synthesis although it could also derive from
animal prey. Phytosterols, which indicate a diet of
plant material or detritus, are abundant in the echino-
derms (Drazen et al. 2008a), anemone and polychaetes
(Drazen et al. 2008b) from Stn M. Their absence in the
macrourid diet is as expected for top carnivores.

Coryphaenoides armatus and C. yaquinae fill their
swimbladders with lipids, primarily cholesterol, as
do many other macrourids (Phleger & Benson 1971,
Bowne 1982). This is the first report of cholesterol-rich
foam in the swimbladder of C. yaquinae. In deep-sea
fishes whose swimbladders are not ruptured by de-
compression, the lipid-rich deposit appears as a thick
lining coating the entire bladder interior. Gas glands
are embedded in this lining (Bowne 1982). The term
‘foam’ was used to describe the decompressed swim-
bladder contents in C. acrolepis after sampling from
great ocean depths (Patton & Thomas 1971). The lipid
foam is rich in cholesterol and PL as reported in many
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deep-sea benthopelagic fishes including C. acrolepis,
C. abyssorum, C. cf. fernandezianus, Antimora ros-
trata, and a number of brotulid fishes (Phleger 1991).
The cholesterol and PLs are organized into gram quan-
tities of pure bilayer membrane which probably func-
tion as a buoyancy mechanism by facilitating oxygen
secretion at depth (pressure).

There are few FA analyses for swimbladder foam
and the profiles presented here are the first for
Coryphaenoides armatus and C. yaquinae. They re-
vealed comparatively low PUFAs including the essen-
tial FAs DHA (2 to 5%) and EPA (3%). High MUFA
content was reflected by 18:1 (all isomers, 30 to 33%)
and 16:1 (both isomers, 12 to 13%). These levels are
different than those found for the congener C.
acrolepis from 700 to 1900 m depth, which had higher
total PUFAs, and 48 to 50% of 18:1 (Phleger & Benson
1971). C. cf. fernandezianus and Spectrunculus gran-
dis (a brotulid called Parabassogigas sp. in Phleger &
Benson 1971) from abyssal depths (3400 to 4600 m) off
Chile also had higher total PUFAs, essential PUFAs (10
to 13% DHA, 3 to 9% EPA) and 18:1 (all isomers 41 to
42%) compared to C. armatus and C. yaquinae swim-
bladder foam (Phleger & Holtz 1973). It is not clear why
these differences exist, but they could reflect diet or
variation in the requirement for swimbladder function.

Dosidicus gigas lipids

The lipids of Dosidicus gigas were very similar to
those of other oceanic squid. The low lipid content and
predominance of PLs in the mantle tissue analysed was
similar to that of Gonatus antarcticus, Moroteuthis rob-
soni and Todarodes spp. from the Southern Ocean
(Phillips et al. 2002). In contrast, the digestive gland,
which many squid species use as the primary site of
lipid storage, contained 22 to 54% lipid which was 42
to 80% TAG (Phillips et al. 2002). As for many upper
trophic level fishes and squid (Goad 1978, Phillips et al.
2001), the sterol profile of D. gigas was almost wholly
cholesterol. Squid can synthesize cholesterol, but
probably obtain most from their diet rich in fish.

The FA composition of Dosidicus gigas is broadly
similar to that for the mantle tissue of many other
oceanic squid. For instance, the total PUFA of the
Southern Ocean squid species Sepioteuthis australis,
Gonatus antarcticus, Moroteuthis robsoni and Todaro-
des spp. was 52 to 58% (Phillips et al. 2002), compared
to 50% in D. gigas. Levels of DHA and EPA were like-
wise similar. The same was true for Gonatopsis bore-
alis from the North Pacific (Hayashi 1989). Low total
MUFA in D. gigas (13%) was also characteristic of the
4 Southern Ocean squid species (10 to 22%; Phillips et
al. 2002) and G. borealis (13%; Hayashi 1989).

The mantle of Dosidicus gigas and other squid spe-
cies have FA profiles very different from that of diges-
tive gland tissue, which has large amounts of TAG
and other storage lipids. Digestive glands of several
squid species were lower in total PUFAs (23 to 43%)
with less DHA (8 to 19%) and less EPA (6 to 13%)
than mantles (Hayashi 1989, Phillips et al. 2002). Iver-
son et al. (2002), working in the subpolar North
Pacific, examined the lipids in whole squid, incorpo-
rating both mantle and digestive gland. Berryteuthis
magister, Rossia pacifica and an unidentified gonatid
contained 35 to 48% total PUFA consisting of 15 to
25% DHA and 10 to 19% EPA. Total MUFAs were
higher in these squid (26 to 47%) than in D. gigas,
and SFA was relatively lower (18 to 26%) (Iverson et
al. 2002). These values are intermediate between the
mantle and digestive gland data as would be
expected. Unfortunately, there are no data for the FA
profiles of PL and TAG in digestive glands as there
were for macrourid livers, so it is not presently clear
whether the differences between mantle and liver FA
profiles are driven primarily by differences in lipid
class composition. The implications of the tissue-
specific FA differences on food web studies are dis-
cussed below.

Macrourid diet inferred from fatty acid profiles

A major aim of the present study was to utilize FA
profiles to ascertain the diet of Coryphaenoides arma-
tus and C. yaquinae, particularly the importance of
epipelagic carrion. This approach has been used for a
number of marine invertebrates, fishes, marine mam-
mals and squid (Phleger et al. 1998, Buhring & Chris-
tiansen 2001, Nelson et al. 2001, Phillips et al. 2001,
2003, Best et al. 2003, Herman et al. 2005, Guest et al.
2008), and has become increasingly recognized in
recent times by marine researchers as an approach
that can complement other methods.

The FA profiles of Coryphaenoides armatus and C.
yaquinae specimens were very similar to each other,
implying very similar sources of nutrition. Both species
also had similar isotopic compositions, but stomach
content analysis suggests differences in diet. From
stomach contents, both species appeared to feed regu-
larly on amphipods, but C. armatus fed more on squid,
fish, and carrion and C. yaquinae more on polychaetes,
other crustaceans and to some extent on the burrowing
holothurian Protankyra brychia (Drazen et al. 2008c).
The differences may be the result of low sample sizes
in the diet analysis and the fact that stomachs only
record the last few feeding events. It is also possible
that variation in consumption of low-lipid prey (poly-
chaetes, echinoderms) has little impact on the FA
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profiles, but sharing common high-lipid prey (i.e.
amphipods, fish) results in similar profiles.

While the FA profiles of the 2 macrourid species
were similar, the FA profiles of muscle, liver and swim-
bladder foam were not and the physiological reasons
for these differences have been addressed above. For
the present dietary purposes, the swimbladder foam
profiles are likely unimportant because the swimblad-
der has a very slow lipid turnover time (Phleger et al.
1977) and it is not related to nutritional status as are the
liver and muscle (Black & Love 1986, Drazen 2002b).
The swimbladder lipids are organized into bilayer
membranes and, as they have a structural role, their
turnover is slower than that of liver and muscle
(Phleger & Holtz 1973). Comparison of liver and mus-
cle tissue FA profiles to those of potential prey should
provide meaningful dietary insights.

Comparison of the FA profiles of a range of potential
prey items (Drazen et al. 2008a,b) and muscle tissue
for the 2 macrourids grouped the macrourids closely
with the mantle tissue of epipelagic squid and whole
gonatid squid, and clearly separated them from all
benthic fauna (Figs. 3 & 4). The echinoderms contained
a number of novel FAs (i.e. 23:1, 24:1, αOH23:1,
αOH24:1, C24 and C26 PUFA; Drazen et al. 2008a)
which were not detected in the macrourids, but this is
not the only reason for their separation from the
macrourids. PCA analysis using condensed data
excluded these novel FAs and generally provided the
same groupings (Fig. 4). Furthermore, from this com-
parison of analyses, it is evident in this case that little
information is lost by condensing our detailed informa-
tion into the broad FA categories for comparisons to
published data. The close grouping of macrourid and
squid muscle is consistent with pelagic squid being a
major dietary item and/or these animals having a sim-
ilar diet. Considering the disparate habitats of the
macrourids and squid, the latter proposal is unlikely.
Furthermore, isotopic evidence suggests dietary differ-
ences between the macrourids and Dosidicus gigas
(Drazen et al. 2008c), and diet studies of D. gigas and
gonatids show that mesopelagic myctophids and other
micronekton are the most important prey (Nesis 1997,
Markaida et al. 2008), animals which are unlikely
available to macrourids on the abyssal plain. Even
though the squid FA profiles (except for D. gigas) came
from specimens captured in different North Pacific
locations at different times, they all clustered closely
together (Fig. 4), clearly illustrating that they provide a
reliable FA profile for the group.

Analysis with macrourid liver FA profiles provides a
less exclusive perspective. Most macrourid lipids are
contained in the liver (Drazen 2007), whose content
appears dynamic, suggesting tight coupling to feeding
and nutritional status. The liver FA profiles are most

closely grouped with those of lysianassid amphipods
and secondarily with the other benthic crustaceans
(Figs. 3 & 4). The 2 macrourid specimens with lower
%TAG than the rest had liver FA profiles that grouped
closely to epipelagic fishes and squid (digestive gland
tissue and whole). Both liver groups were separated
from echinoderms, suggesting that this benthic group
plays a small role in the diet of Coryphaenoides arma-
tus and C. yaquinae. These diet inferences match well
with conventional diet analysis and stable isotopic
analysis (Drazen et al. 2008c). Macrourids are known
to feed on squid (Gonatopsis borealis and gonatids)
and epipelagic fishes (Trachurus symmetricus and
Merluccius productus) as carrion. Only Protankyra
brychia, a burrowing vermiform holothurian, has been
found in the guts of C. armatus and C. yaquinae in the
North Pacific (Pearcy & Ambler 1974, Drazen et al.
2008c). Generally, macrourids do not eat many echino-
derms (Pearcy & Ambler 1974, Stein 1985, Martin &
Christiansen 1997) even though they are very abun-
dant and dominate the epibenthic megafauna in most
abyssal habitats and at Stn M (Lauerman et al. 1996).
Absence of echinoderms in acidic macrourid stomachs
is probably not an artifact resulting from rapid diges-
tion because the few echinoderms found in stomach
contents are mostly carbonate-rich ophiurids (Pearcy &
Ambler 1974, Drazen et al. 2001) and the present FA
results do not suggest they are eaten to any great
extent. In addition, Feller et al. (1985), using cross-
reacting antisera techniques with C. armatus intestinal
fluids from 2500 m in the western Atlantic, found evi-
dence for consumption of holothurians, but not other
echinoderms. Macrourids may ignore them because of
their low caloric density and high carbonate content
(Billett 1991) or avoid them because of toxicity or dis-
tastefulness (Stonik et al. 1999). Whichever the case,
the macrourids appear not to feed on a numerically
dominant benthic animal group but upon benthic crus-
taceans and the allochthonous supply of nekton car-
casses from the epipelagic. Stowasser et al. (2009) also
found evidence of benthic prey and carrion from FA
profiles, but were unable to identify which specific
types of benthic organisms might have been ingested.

Clearly, FA profiles differ between tissue types of
both fishes and squid, and the whole animal FA pro-
files lie in between. For the macrourids, whole animal
values would likely be closer to the values for liver.
The differences in FA profiles between tissues are
probably not simply the result of differences in the
lipid class composition as discussed above and also
examined by lipid class-specific FA analysis in other
species of macrourids (Hayashi & Kishimura 2003).
Instead, diet may play a role. In this case, liver profiles
may be more indicative of recent feeding, in this case
on benthic crustaceans, with muscle most likely inte-
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grating feeding history over a much longer time span,
suggesting carrion as a major trophic input. Future
work should focus on whole animal analysis for at least
some samples (Iverson et al. 2002), although the large
differences in FA profiles between the macrourid
tissues and echinoderms should not be affected.

Intuitively, food web studies of abyssal ecosystems
often connect the epibenthic megafauna, primarily
echinoderms, with top level consumers such as fishes
(Smith 1992, Bailey et al. 2006). Previous stomach con-
tent and isotope analyses have suggested that these 2
macrourid species bypass much of the benthic food
web and rely nutritionally upon dead fish and squid
sinking from surface waters instead (Drazen et al.
2008c). Results from the present study clearly suggest
the absence of echinoderms as prey and the impor-
tance of carrion, as well as the importance of benthic
crustaceans to the macrourids’ diet. Bailey et al. (2006)
suggested that while variation in macrourid abun-
dance covaried with that of echinoderms, it may be
other taxa, more important as prey yet not as visible in
their camera sled surveys, which are responsible for
the population trends observed. Our findings suggest
that benthic crustaceans would be the most likely can-
didate. The dynamics of carrion supply are also likely
important to understanding abyssal fish dynamics.
Carrion supply may change in response to increases in
fishing pressure and consequent discards (Votier et al.
2004), be reduced as epipelagic stocks are depleted
(Sibert et al. 2006) or simply shift in composition as
species such as the Humboldt squid Dosidicus gigas
expand their range into the North Pacific (Zeidberg &
Robison 2007). The present study supports the notion
that anthropogenic impacts in epipelagic ecosystems
could be rapidly transferred to top trophic levels in the
abyssal ocean.
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